Introduction
The basic requirement in real-time breath gas analysis is to develop an experimental setup enabling the fast quantification of volatile organic compounds (VOCs) in exhaled breath as well as for the acquisition of additional physiological variables in a synchronized, reproducible and non-invasive way. The first part of this contribution provides an extensive proposal on how to achieve this aim and documents the necessary features. Adjoined to this technical report, the second part outlines a series of real-time exhaled breath measurements during specified ergometer workload sequences which were carried out with the purpose of reaffirming and complementing earlier experimental findings in this area, e.g., reported by Senthilmohan et al. [1] and Karl et al. [2] .
Regarding the analysis of exhaled breath samples, we limit ourselves to Proton-TransferReaction Mass Spectrometry (PTR-MS), which is a relatively new analytical technique for determining concentration levels of volatile molecular species down to ppt level on the basis of chemical ionization [3, 4] . Due to its high sensitivity for a large variety of trace gases commonly occurring in human breath, PTR-MS has proven to be a valuable and rapid quantification tool in breath-related VOC research [5, 6] . Depending on the number of different mass-to-charge ratios considered, data acquisition can be performed on a time scale of approximately one second, which theoretically offers the possibility of drawing and analyzing several breath samples per exhalation cycle. Hence, contrary to other analytical methods such as gas chromatography mass spectrometry (GC-MS), which often require timeconsuming preconcentration steps [7] [8] [9] [10] [11] , PTR-MS can be used for measurement of continuous VOC profiles in real time. This is particularly important for detection of metabolic effects manifesting themselves in short-lived changes of certain marker compound levels [12] [13] [14] [15] . It is advisable to complement such profiles with additional physiological data influencing VOC concentrations: cardiac output, which controls the rate at which trace gases circulate from organs and periphery to the lung, or alveolar ventilation, which governs the transport of VOCs through the respiratory tree. Combining the real-time capability of PTR-MS with systems recording hemodynamic and/or respiratory factors remains an ambitious task from an experimental point of view. The two main difficulties in the development of a reliable and robust real-time measurement tool are:
(a) a consistent integration of all sensor devices guaranteeing synchronized data gathering (b) the standardization of the breath sampling procedure itself.
While (a) is mainly an issue regarding adequate instrument and software engineering, aim (b) is at the heart of exhaled breath analysis and still a matter of ongoing debate [16] . A major concern here is to ensure the extraction of end-tidal air, which can be implemented by flowor CO 2 -controlled sampling in order to selectively detect different exhalation phases. Some approaches have been suggested to prevent exhaled breath samples from being diluted with fresh dead space air [17] [18] [19] : nevertheless, most of the real-time experiments published in literature use mixed-expiratory breath samples. The same holds true for off-line breath sampling, which traditionally is carried out by collecting and storing the breath sample in some container prior to analysis (e.g., Tedlar bags).
Motivated by this lack of a standardized breath sampling procedure, a breath sampling device (not shown) has been developed in our laboratory which serves to fill Tedlar bags with alveolar air in a flow and/or CO 2 -controlled manner, taking into account the onset of the alveolar plateau [20] during exhalation phases. Here we present a generalization of this method for automatic real-time sampling. In addition, we describe a recording setup efficiently combining hemodynamic as well as respiratory and VOC-related data streams and monitoring of these variables during ergometer-induced workload scenarios.
Materials and Methods
An experimental setup capable of measuring the multitude of physiological signals mentioned above consists of five central parts:
(A) a hemodynamical monitor measuring heart rate, heart minute volume, blood pressure, etc.
(B) a spirometer measuring the volumetric flow rate when breathing through a flow transducer of some form (e.g., a head mask) (C) a heated, chemically inert gas sample line leading from the flow transducer to the mass spectrometer (D) a medical ergometer for imposing certain workloads on the test subject (E) the PTR-MS for measurement of volatile compounds in exhaled breath.
A schematic diagram of our setup is given in Fig. 1 and will be described in detail in the following. With regard to (A), a non-invasive hemodynamic analysis system (Task Force Monitor (TFM), CNSystems, Graz, Austria) was used to determine hemodynamic variables on the basis of standard ECG leads and transthoracic impedance cardiography (ICG). In particular, the device allows the continuous recording of blood pressure and cardiac output with beat-tobeat resolution, which is an essential requirement for relating changes in VOC concentrations to quick hemodynamic variations. This real-time capability ranges among the primary reasons for preferring impedance cardiography over other existing approaches for measurement of heart minute volume as discussed below. Since the user interface of the TFM does not export the corresponding parameter values sequentially, we included a simple data server, sending the latest available data vector to a specified TCP/IP port every second. ICG methodology for determination of cardiac output has been validated against the invasive gold standard method thermal dilution in a variety of situations [21] [22] [23] , however, a comparison with healthy test subjects during workload conditions is still lacking. On the other hand, the bioimpedance approach has shown good agreement with other non-invasive techniques for obtaining heart minute volume at different exercise levels [24] .
Respiratory flow is obtained by means of a Medikro SpiroStar USB differential pressure sensor (Medikro Oy, Kuopio, Finland). Inhalation and exhalation occurs through precalibrated, single-use flow transducer mouthpieces, which can be connected to sterilizable or disposable silicone head masks (Cortex Biophysik GmbH, Leipzig, Germany). This enables the test subject to breathe freely through mouth and/or nose while simultaneously reducing the risk of hyperventilation. Although some condensation could occur within the mask, this was not considered a critical issue: gas samples are drawn from the axial mainstream through Luer lock connecting sockets situated about 2 cm from the lips, so possible loss of highly soluble VOCs can be neglected due to the high flow. Based on the Bernoulli principle stating that the constriction of a given airflow will cause a difference in pressure which subsequently can be used to determine the associated flow [25] , the device delivers volumetric flow rates ( vf [ml BTPS /s], i.e., corrected for body temperature and saturation with water vapor) within the flow transducer with a sampling frequency of 100 Hz. As will be illustrated below, proper integration of this signal allows the efficient extraction of actual tidal volume and breathing frequency. The Medikro SpiroStar package comes with a DLL driver implementing functions for immediate communication with the spirometer hardware (initialization, data reading, etc.), which can easily be incorporated into any C based development environment.
Gas sampling is accomplished by a 3 m long, 1/4´´ Teflon tube which is heated using an isolated heating wire (TNI Medical, Freiburg, Germany). The heating is necessary to avoid condensation of water vapor from exhaled breath within the sample line: condensed water droplets would attract hydrophilic compounds, thus depleting the gas sample and leading to erroneous measurement results. More specifically, care was taken to ensure that temperature is kept well over 40 °C along the entire length, thereby guaranteeing that no water condensation occurs. The gas sample line can be connected to the spirometer flow transducer by a metal Luer lock.
Exercise tests are carried out on a computer-controlled, supine medical ergometer (eBike L, GE Medical Systems, Milwaukee, USA) operating at constant levels of power independently of the pedal speed. The supporting bed stabilizes the torso of the volunteer thereby reducing movement artifacts appearing in the acquired physiological signals. The longitudinal tilt can be adjusted from 45° during normal operation to 0° (supine position).
PTR-MS setup:
Here we give a short description of the high-sensitivity PTR-MS used in our laboratory (Ionicon Analytic GmbH, Innsbruck, Austria; three turbo pumps), see Fig. 2 . The breath source (1), e.g., a Tedlar bag or a volunteer breathing into an real-time sampling system as described above is connected to a heated Teflon bypass used to direct the sample gas from the breath source to the outside air by means of a vacuum pump (2) . The corresponding flow can be adjusted using a needle valve (3) . Assuming ambient pressure conditions in (1), a pressure regulator implemented along the bypass keeps pressure levels at the branching point (4) at a constant value of 0.655 bar, thereby guaranteeing stable pressure conditions of approximately 2.3 mbar in the drift chamber of the PTR-MS (5), which is connected to (4) via a 1/16´´ capillary heated up to 50 °C. As has been described extensively elsewhere [3, 4] , within the drift chamber compounds with higher proton affinities than water are ionized by reacting with hydronium ions (H 3 resulting in a total cycle duration of about 1.5 seconds. The first two mass-to-charge ratios are necessary for the correct quantification of acetone and isoprene, which we implicitly assume to be the only VOCs contributing to the associated m/z signal [27, 28] . Calibration for these two compounds with different levels of water vapor content was carried out either manually (in the case of isoprene) or using a Gaslab gas mixing unit (Breitfuss Messtechnik GmbH, Harpstedt, Germany) [27] . In particular, the presented concentration levels are determined with respect to the usual water vapor content in exhaled breath of about 6%. Slight variations of water content in the drift tube due to fluctuations in the amount of water clusters originating from the source were assumed to be negligible. For further details regarding calibration factors and fragmentation issues we refer to the "most abundant" approach as described in [29] : the corresponding calibration coefficients for isoprene and acetone were 0.95 and 0.79, respectively, calculated using the standard reaction constant 2.0×10 -9 cm 3 /s and an E/N ratio of ~ 126 Td.
Due to its low proton affinity, carbon dioxide cannot be measured by PTR-MS. As will be discussed in the following section, CO 2 content serves as a well understood control value [30] for assessing the extraction quality of breath gas samples. We therefore included an infrared CO 2 sensor (AirSense Model 400, Digital Control Systems, Portland, USA) in our setup (cf. Fig. 2 (6) ). Particularly, by placing the sensor behind the pressure controlled branching point, we are able to determine concentrations independently of ambient pressure. Calibration was done with test gas consisting of 5% CO 2 in synthetic air (Linde Gas GmbH, Stadl-Paura, Austria). Due to limited flow through the bypass, the CO 2 sensor in the PTR-MS acts as a mechanical low-pass filter, with a measurement-induced delay of approximately 45 seconds.
Current CO 2 concentration is appended to the PTR-MS data vector after each measurement cycle.
Standardized real-time breath sampling:
Common measurement practice in breath gas analysis tacitly makes use of the Farhi equation (c.f. Eq. 1, later in this text), which states that -assuming constant respiratory and hemodynamic flow, e.g., during resting conditions -alveolar concentrations of blood borne endogenous VOCs are proportional to their respective concentrations in mixed venous blood and therefore -by taking into account partition coefficients -to tissue levels. This makes alveolar concentration the decisive value in the quantification of blood borne volatile species.
However, the extraction of pure alveolar air is hampered by several obstacles, the major ones being mixing with (fresh) anatomic dead space volume as well as exchange in the conducting airways. The latter effect mainly relates to highly soluble substances interacting with mucus linings and will be discussed in conjunction with acetone measurements in the experimental section. In contrast, VOCs with low blood solubility (e.g., isoprene with a Henry constant of ~ 0.029 M/atm [2, 31] ) originate almost exclusively from the alveolar blood-gas exchange, resulting in drastically reduced dead space concentrations. Alveolar levels of such molecular species are thus best reflected by end-tidal concentrations, i.e., it is recommendable to discard the first portion of exhaled breath in the analysis process. In the present framework this suggests that any real-time extraction procedure should allow breath to be conducted to the PTR-MS inlet only during the end-tidal fraction of each exhalation phase. In particular, this strategy actively prevents room air from being physically sampled during inhalation, thereby simplifying data evaluation (no exhalation tracking is required).
One possible realization is the implementation of an automatic shutter or valve along the gas sample line, cutting off the connection between mass spectrometer and flow transducer during other time periods (cf. is smaller/greater than a user selected threshold and the integral from the last baseline crossing to t * (i.e., the total volume inhaled/exhaled so far) is greater than a predefined dead space volume (representing anatomical dead space and flow transducer volume, i.e., approximately 200 ml BTPS [32] ).
Subsequently, the last zero crossing stored is accepted as starting point for the current inspiration/expiration phase. Second, if two consecutive inhalations/exhalations occur without at least one valid exhalation/inhalation in between (being the most common non-regular respiratory maneuver during normal breathing), these multiple inhalations/exhalations are treated as one single inhalation/exhalation.
As soon as a new volumetric flow rate is provided, it has to be decided whether the valve should be open or closed. A useful rule here is to consider a certain modifiable percentage (say 50%) of the median of the preceding 3 or 5 exhalation times. This is motivated by the following observation: during regular breathing, after half of the total exhalation time has passed it seems safe to assume that only end-tidal air is being exhaled. If the breathing pattern does not change, a viable shutter regime opens the valve if the following three flow-related conditions are fulfilled:
1. a valid exhalation phase has been identified 2. 50% of the last exhalation time has passed since the starting point
( ) vf t is greater than a user selected minimal flow min vf
The last item accounts for slightly delayed electronic valve response, so we can guarantee actual valve closing to be completed before the onset of inhalation. As a slight generalization of the second requirement we will consider a function of the preceding n exhalation times rather than only the last single value: it is well known that the median of n values is a robust average estimator, which discards outliers in the data. Consequently, computing the median of the last few exhalation times will filter out extremely short or long exhalation phases caused by coughing, etc. thus maintaining a proper valve control after such breathing events. Fig. 3 summarizes the aforementioned features of the algorithm. A commented version of the C++ interface is available under http://realtime.voc-research.at. suggested in [18] . In any case the limiting factors will be patient convenience, possible signal delay and a sampling frequency which necessarily is much higher than the normal breathing frequency, so the adequacy of underlying method strongly depends on the experimental setup considered. Preliminary comparisons between a hypothesized control algorithm taking CO 2 data with breath-to-breath resolution and the presented flow based scheme suggest a good agreement between the two methods. application act as a timer is that we want the data collection to run in parallel with the specified ergometer workload scenario which is set by a control application running on the Task Force Monitor PC. Thus, sampling with RETBAT is fully independent of local system time, i.e., the software can be executed on any network-authorized laboratory PC without prior time synchronization.
Before starting the workload scenario, the user has to provide measurement conditions like room temperature, ambient pressure and room air (background) count rates of the mass-tocharge ratios under study. The latter could be used for corrective purposes, however generally the levels are low enough to be neglected in case of isoprene and acetone [27, 28] . After a plausibility check of the provided values, the received physiological data are plotted sequentially and can be explored in real-time by means of the MATLAB plotting tools.
Particularly, the count rates of m/z 59 (acetone) and m/z 69 (isoprene) are immediately converted to ppb on the basis of measured drift tube temperature and pressure as described previously. Finally, recorded data will be corrected with respect to the time response delays discussed before and saved to a predefined MATLAB structure which can further be exported to EXCEL. In particular, count rates and ppb levels corresponding to time instants where drift chamber pressure dropped below 2.2 mbar due to excessive shutter closing times (see above)
are considered as missing values. This threshold of 2.2 mbar was chosen on the basis of a maximum tolerable variability of room air concentrations during artificially induced pressure fluctuations.
Experiments:
We concentrated our efforts on two compounds which have received wide attention in the field of exhaled breath analysis: isoprene and acetone. The reason for this is twofold. First, we wanted to generate comparable data sets in order to reliably validate our sampling protocol.
Second, due to their contrasting physical-chemical properties (isoprene is strongly lipophilic whereas acetone is hydrophilic) we view these two species as paradigmatic examples revealing valuable information on the broad spectrum of possible VOC responses according to distinct physiological conditions. In the following, we will briefly review some of the most important facts that have provided a deeper understanding of the involved mechanisms influencing the behavior of aforementioned compounds in exhaled breath.
Isoprene:
2-methyl-1,3-butadiene, better known as isoprene (CAS number 78-79-5), is a colorless liquid organic hydrocarbon with a molar mass of 68.11 g/mol and a boiling point of 34 °C. Usually obtained from petroleum and coal to make synthetic rubber it is also the major hydrocarbon which is endogenously produced by mammals [33] . Its primary source is attributed to the mevalonate pathway of cholesterol biosynthesis [34, 35] . Originating from acetyl-CoA mevalonate is transformed into dimethylallyl pyrophosphate from which isoprene is produced. In exhaled human breath isoprene concentration exhibits a large variability. Typical levels in adults during rest have been reported to spread around 100 ppb [36] , whereas children show lower levels [37, 38] . Corresponding blood concentrations have been shown to vary around 37 nmol/l [39] with an associated endogenous production rate ranging from 0.15 to 0.34 mmol/h/kg body weight [31, 40] . In the first reference, metabolization has been quantified as 0.31 mmol/h/kg body weight, which leads to a net isoprene production of 0.03 mmol/h/kg body weight (amounting to approximately 5×10 -5 mol/day for a 70 kg person).
Here net isoprene production is defined to be the endogenous production minus metabolization. Body tissue represents a potential storage volume for isoprene in the human body and this is in particular so for fat tissue as can be deduced from the high fat:blood partition coefficient of ~ 82 [31] .
Its high abundance in human breath and the fact that there are no indications for concentration changes due to food uptake [41] or for production and release in the upper airways [42] makes isoprene a relatively easily quantifiable test compound. Apart from being a convenient choice in terms of measurability, breath isoprene has been suggested as a sensitive indicator for assaying several metabolic effects in the human body [43] . First, being a possible by-product of cholesterol biosynthesis, it might serve as an additional diagnostic parameter in the care of patients suffering from lipid metabolism disorders such as hypercholesterolemia, which is an established risk factor for atherosclerosis and coronary heart disease. As an example, the estimation of endogenous isoprene production rates on the basis of available breath concentrations as well as appropriate kinetic models might be an adequate tool to determine the contribution of endogenous cholesterol release to the overall serum cholesterol level, thereby improving the diagnostic potential of standard blood tests, which merely quantify the combined effects of endogenous and dietary factors. Moreover, evidence points towards a strong linkage of breath isoprene levels to different physiological states, thus promoting its general use in bio-monitoring, e.g., during sleep [12, 44] . Due to its low blood solubility (Henry's law constant) and boiling point, it is reasonable to assume that exhaled breath concentrations are substantially affected by alveolar ventilation and perfusion (i.e., alveolar minute flow and cardiac output). Significant correlations between cardiac output and breath isoprene concentrations during cardiovascular surgery can be expected. Drastically increasing levels of isoprene concentration were reported [2, 36] at the onset of physical exercise. These findings indicate that breath isoprene measurements might provide new tools for continuous, non-invasive monitoring of cardiac output.
Acetone:
Acetone (CAS number 67-64-1), also known as propanone, has a molar mass of 58.08 g/mol.
It is one of the ketone bodies, together with beta-hydroxybutyric acid and acetoacetic acid.
Acetone is a product of the conversion of acetoacetate by elimination of CO 2 [45, 46] between breath and blood concentrations can be assumed [48] . Blood:tissue solubility was estimated to be 1.38 [49, 50] , which makes body tissue a much less efficient buffer for acetone than for isoprene. Because acetone is poorly metabolized [51] , simple diffusion and volatilization in the lungs is likely to be the predominant path of removal [48] . Due to its high water-solubility the upper airways however cannot be regarded an inert tube as in the case for isoprene. In fact, the nasal epithelium and as well as the tracheal mucosa linings have been demonstrated to play a critical role in pre-alveolar exchange, a phenomenon which has become known as the wash-in/wash-out effect [50, 52] . More specifically, studies orchestrated in the framework of nasal dosimetry research suggest that up to 75% of the compound inhaled via an exposure chamber is absorbed into the mucous membrane before reaching the alveolar region and almost the entire amount absorbed is released back into the breath stream upon exhalation [51] .
Being a byproduct of lipolysis, acetone has often been suggested as a marker compound for monitoring the ketotic state of an individual. Elevated breath acetone levels resulting from fasting are quickly lowered by feeding (as the body is nourished by glucose again [41] ) and appear to be correlated with rates of fat loss [53] . No influences of sex, age and BMI on breath concentrations of acetone in adults could be determined [27] . Senthilmohan et al. [1] report slightly increasing values upon physical exercise which again can be rationalized by viewing acetone as metabolite of fat catabolism. Moreover, patients suffering from (uncontrolled) diabetes mellitus have been found to exhibit disproportionately high breath acetone concentrations [54] , thus establishing the potential clinical relevance of breath acetone in related medical treatment.
Test subjects and protocols:
For our study, 5 males and 3 females with an age range of 25-30 years were recruited as volunteers and agreed to participate in up to three stress ergometer challenges with different workload sequences. The test subjects had to be in good health and physical shape although fitness levels differed. Explicitly non-smokers were chosen even though recent findings did not suggest any difference in isoprene and acetone breath concentration between smokers and non-smokers [55] . Measurements were all done in the morning at approximately the same time when volunteers were able to come into our test laboratory with an empty stomach so that at least 7 h had passed since their last meal. The only exception was drinking of water.
Furthermore, volunteers were not allowed to brush their teeth with toothpaste in the morning so we could exclude traces of it as a source of measurement error. No test subject reported any prescribed medication or drug intake. The study was approved by the Ethics Commission of Innsbruck Medical University.
On the day of the experiment the volunteers had to avoid strong physical activity and physical stress on the way from their home to the test laboratory. Following arrival and prior to starting the measurement regime, all test subjects needed to rest for at least 10 min in which they were given instructions regarding the workload protocol. Attention was paid to adjust the test equipment to individual weights and heights and to establish a comfortable seating position during the experiment. Next the volunteers were set up with the Task Force Monitor electrodes, five to obtain the 4-channel ECG and three more for the ICG. Before each measurement, the gas sample line was flushed with nitrogen (purity 6.0, Linde Gas GmbH, Stadl-Paura, Austria) for about one minute. In order to avoid leakage, the head mask was firmly fixed on the volunteer's head by means of a hair net however none of the test subjects reported any discomfort or problems regarding difficulty in breathing or even hyperventilation. The laboratory personnel reminded the volunteer before and during the exercise to minimize torso movements and to breathe regularly. Every event occurring during the measurement was recorded in written documentation including time and event description.
Also the staff closely monitored real-time results as they were received through the TCP/IP connections from the different instruments in our Matlab graphical user interface RETBAT.
We created a set of three different protocols (c.f. The data streams obtained were compiled in a self-contained MATLAB data viewer enabling convenient data exploring and export, which can be downloaded after registration from http://realtime.voc-research.at. Determined physiological variables are summarized in Table   1 , together with some nominal values for resting conditions taken from literature.
Representative profiles from a single study subject are presented in 
Results

Results isoprene:
For all test subjects, end-tidal breath isoprene levels acquired prior to the workload sequence varied around the nominal value of approx. 100 ppb (3.7 nmol/l at body temperature) presented in [28, 36] with minor intra-individual variations, cf. Table 2 . Multiplying this level by the measured alveolar minute ventilation leads to a corresponding molar flow (i.e., an amount of isoprene exhaled per minute) of about 30 nmol/min, which is more than 80% of the average net isoprene production for a 70 kg person as discussed above. This indicates that the predominant path of non-metabolic isoprene clearance is via the lungs [56] . Regarding the first two protocols, in accordance with earlier findings [2, 36] , the onset of the first exercise period is accompanied by an increase in end-tidal isoprene concentration, usually by a factor of ~ 3-4 within about one minute. Due to a simultaneous increase in ventilation, the associated rise in amount of isoprene exhaled per minute is even more pronounced, leading to a ratio between peak molar flow and molar flow at rest of about 11. This phase is followed by a gradual decline and the development of a new steady state after 15 minutes of pedaling.
Concentrations in this last phase do not differ substantially from the starting values, while molar flow is still higher by a factor of ~ 3 compared to resting levels. In particular, the profile of exhaled isoprene per minute generally is rather different from carbon dioxide output during comparable workload schemes, which typically shows a monotonic rest-to-work transition, cf. [57, 58] . However, one common feature appears to be the abrupt response at the onset of constant workload instituted from rest. The underlying mechanism for this effect remains largely unexplained, but has mainly been ascribed to neurogenic factors affecting ventilation [59] .
Interestingly, repeating the same workload procedure described above after intermediate do not appear to be affected by preceding pauses [57, 60] favor mechanism (a). However, direct investigation of these issues will have to await future blood tests as in [39] . Changes of body posture during the third workload scenario generally yield a more or less pronounced rise in breath isoprene concentration, its amplitude being correlated to the associated increase in cardiac output. It should be noted that in such cases, contrary to the behavior during dynamic exercise, isoprene breath concentrations do not appear to revert to baseline levels within a short time. The escalating-deescalating regime performed in the second part reproduces the profile seen in the first two protocols. Specifically, the load step from 50 W to 100 W only has a minor effect on the observed dynamics.
Results acetone and carbon dioxide:
Breath acetone concentrations at the beginning of the measurement sequence show typical levels of about 1 ppm. Marked day-to-day variations within one test subject may occur but fall within the range reported in reference [61] . Particularly, as mentioned above, elevated levels might be explained by increased lipolysis due to an empty stomach. Generally, acetone concentrations show higher breath-to-breath fluctuations than isoprene during rest as well as during exercise. The reason for this is still unclear. However, preliminary experiments with our setup indicate that some variation can be attributed to alternate nose and mouth exhalation as well as flow rate. As has already been discussed, due to its high Henry constant, acetone is readily dissolved in the nasal epithelium, leading to lower breath concentrations when the predominant path of exhalation is through the nose [51, 52] . Acetone concentration in exhaled breath during exercise closely resembles the profile of alveolar ventilation respectively inhalation volume, showing abrupt increases respectively drops in the range of 10-40% at the onsets respectively stops of the individual workload periods. Similarly to the results presented by Senthilmohan et al. [1] , average concentrations often tend to rise slightly with duration of exercise, which might stem from elevated fat catabolism as a source of energy. Changing to supine position in Protocol 3 seems to have negligible effects. CO 2 content initially varies around 4% and exhibits virtually identical dynamics to acetone during the three workload scenarios, with abrupt increase/decrease of ~ 20% at the start/stop of exercise [57] . This is in accordance with Ma et al. [62] , who demonstrated a linear correlation between acetone and end-tidal carbon dioxide pressure.
We are aware of the fact, that acetone concentrations obtained with the methodology illustrated above might underestimate alveolar concentrations due to deposition of acetone onto the mucus linings in the conducting airways upon exhalation [49] . In the case of highly water and blood soluble compounds, isothermal rebreathing [63, 64] probably represents the only viable gas sampling scheme to faithfully extract alveolar concentrations. In particular, using this procedure it was demonstrated by Anderson et al. [49] that end-tidal acetone partial pressure is about 20% lower than alveolar partial pressure. However, a straightforward application of isothermal rebreathing in the framework of ergometer challenges has its inherent difficulties, since rebreathing exhalation volumes several times might not be well tolerated during workload segments. Nevertheless, efforts are underway to incorporate this system to our setup. We thereby hope to clarify whether elevated workload breath acetone concentrations observed in our measurements can partly be explained by altered ventilationperfusion conditions or whether they are simply a result of higher exhalation flow rate and subsequently diminished mucosal absorption as suggested in [49] .
Discussion
One of the fundamental equations in our present understanding of pulmonary gas exchange is the basic model due to Farhi [65] , which expresses mixed alveolar gas concentration A C of a blood borne gas as a function of its mixed venous concentration v C , its blood:gas partition coefficient (i.e., dimensionless Henry's law constant) λ and an average quotient between alveolar ventilation and capillary perfusion, the ventilation-perfusion-ratio / A c r V Q = .
Specifically, by describing the lung as one homogenous alveolar unit with an associated endcapillary blood concentration ć C as well as blood inflow/outflow and gas inflow/outflow equal to c Q and A V , respectively, conservation of matter leads to
where A V is the (invariant) effective pulmonary storage volume of the gas under scrutiny and I C is its concentration in inspired ambient air, which will usually be close to zero in ordinary isoprene or acetone measurements. Assuming steady state conditions, i.e., neglecting accumulation processes in the lung and requiring that is a gross simplification of the actual gas exchange conditions within a normal lung, since it completely neglects shunts, physiological dead space and strong regional differences in ventilation-perfusion ratio attributable to gravitational forces and hydrostatic pressure differences [32] . As has been proven in [67] , requiring r to be constant throughout the lung corresponds to the implicit assumption of optimal gas exchange and in the case of endogenous VOCs underestimates end-capillary concentrations calculated from alveolar levels.
Nonetheless, the previous relation is one of the pillars for investigating observed behavior of many trace gases found in exhaled breath. First, bearing in mind that during rest on average it holds that r ~ 1 [32, 68] increasing/decreasing alveolar ventilation will decrease/increase exhaled breath concentrations (due to increased/decreased dilution), whereas the relationship between breath concentration and cardiac output is monotonic and reflects dependence on supply. The reader may easily verify that these simple causalities offer a first qualitative explanation for many of the effects observed during the workload scenarios discussed above, particularly isoprene (cf.
[2]). However, a precise model elucidating the dynamic characteristics of breath isoprene and acetone concentrations, especially during the unsteady stages of exercise is still lacking. This might be due to the fact that most of the simplifying modeling assumptions allowing for an efficient description of steady state response do not necessarily remain valid in such phases.
One exception is the contribution of Karl et al. [2] who, on the basis of the foregoing deliberations, developed a 2-compartment model in order to reproduce isoprene dynamics in blood and exhaled breath. Their aim was to prove that the large variability of breath isoprene concentration is not due to exercise-induced changes in endogenous synthesis (as for example in the case of flow-dependent release of nitric oxide in endothelial cells [70] ), but can mainly be traced back to modified gas exchange behavior. Contradicting the anatomic pulmonary structure, the lung compartment was based on serial instead of parallel arrangement of the alveolar units [32] , leading to an exponential rather than rational drop between mixed venous and end-capillary blood concentrations in Equation 1. However, the model response to presented ventilation-perfusion data closely resembled the determined breath concentrations.
Unfortunately, this model strongly depends on markedly delayed dynamics of alveolar ventilation compared to cardiac output during exercise, which could not be observed in our measurements: cardiac output and alveolar ventilation increase almost simultaneously [59] .
This discrepancy might stem from the fact that alveolar ventilation in [2] was calculated as approximate breathing frequency multiplied by a constant tidal volume, thereby neglecting potential changes in the latter variable, which are also revealed in our experiments.
Nevertheless, despite the fact that the model of Karl et al. results in a very poor approximation of breath isoprene concentration given our data, there are several indications that the drastic variation of this value observed during short-term moderate exercise indeed originates from altered gas exchange conditions rather than fluctuations in endogenous production. First, all of the possible biochemical sources of isoprene known up to date are long-term mechanisms,
i.e., immediate changes in synthesis rates are not justified by these pathways [34, 71, 72] .
Second, taking into account a tissue-lung transport delay of about one minute [73, 74] , mixed venous concentration can be assumed constant during the first segment of exercise [58] , so possible feedback mechanisms from the body can plausibly be excluded in this period. Third, our data suggest that isoprene breath concentrations can be driven to an elevated plateau by rapidly changing from upright to supine position. This maneuver is very unlikely to induce metabolic variation but rather affects ventilation-perfusion-distribution in the lungs [32] .
Accepting the above hypothesis at first glance seems to limit the clinical relevance of breath isoprene, e.g., as a marker compound for therapeutic monitoring of cholesterol related diseases, since well-defined standard (resting) conditions become a fundamental prerequisite for single-breath tests. On the other hand, we are confident that viewing the short-term response of isoprene and other low soluble breath VOCs during workload sequences mainly as lung-induced phenomena can offer entirely novel approaches for the investigation of pulmonary functional properties. This is in line with ongoing efforts to base MIGET (multiple inert gas elimination technique [75, 76] ) measurements on endogenous breath compounds rather than intravenously infused inert gases [44] , thereby reducing patient load and improving practicability. Here the principal idea is to take advantage of the different solubility and hence distinct exhalation kinetics of several VOCs in order to characterize ventilationperfusion mismatch throughout the lung, which is of paramount importance in artificial ventilation and serves as a valuable diagnostic tool in the management of patients suffering from pulmonary disorders. Another conceivable application would be (intra-operative) monitoring of cardiac output on the basis of VOC concentrations and ventilation data acquired in real-time.
Conclusions
As can be deduced from simple mass balance principles describing pulmonary gas exchange, breath concentrations of blood borne volatile compounds need to be assessed simultaneously with ventilation and perfusion in order to extract comparable and representative values for endogenous levels. Within this framework, an experimental setup efficiently combining PTR-MS measurements with data streams reflecting hemodynamic and respiratory factors was developed, enabling the real-time evaluation of exhaled breath VOC behavior in conjunction with decisive physiological drivers during rest and ergometer-induced workload schemes.
Particularly, a methodology for selective breath-by-breath sampling from end-tidal exhalation segments was introduced and validated on the basis of resulting CO 2 levels. The key feature of our setup consists of a shutter mechanism separating the PTR-MS from the inhalation/exhalation mouthpiece on the basis of measured respiratory flow. Such an approach has several significant advantages over high-resolution sampling schemes continuously monitoring the entire breath cycle: a larger number of distinct mass-to-charge ratios can be measured, integration times are extended, longer inlet lines are possible and tracking of breath phases is avoided. Moreover, the control algorithm can easily be modified to realize sampling from arbitrary exhalation segments.
In our opinion, pilot studies of breath compound dynamics, e.g., during exercise have to be based on reliably measurable substances, covering prototypic physical-chemical properties.
While isoprene is expected to react very sensitively to changes in ventilation-perfusion ratio due to its low solubility, acetone for analogous reasons shows a comparably stable behavior.
Particularly, we were able to reconfirm the experimental findings of Senthilmohan et al. [1] and Karl et al. [2] and added new data which we hope will help to further clarify the kinetics of these species in the human body.
Both acetone and isoprene profiles showed good reproducibility among our moderate workload ergometer stress tests. Data favor the hypothesis that short-term effects visible in the concentration profiles of acetone can be ascribed to different exhalation patterns, while the abrupt response of isoprene at the onset of exercise appears to be caused mainly by changes in pulmonary gas exchange. Some possible clinical applications emerging from this observation have been discussed.
As with every experimental scheme, there are inherent strengths and weaknesses associated with our analysis system: manual fine-tuning of PTR-MS inlet-flow settings is unavoidable for patients exhibiting breathing patterns departing too far from the norm and further optimization is needed in order to reliably guarantee pressure stability within the drift tube.
Furthermore, the current setup has a limited applicability in the quantification of highly soluble compounds exchanging in the conducting airways. On the other hand, we are confident that our methodology permits dynamics of non-polar, low-soluble VOCs such as isoprene to be reliably captured over a wide measurement range. Moreover, the suggested sampling algorithm appears general enough to be applicable in other mass spectrometric setups such as SIFT-and IMR-MS as well and hopefully contributes to current standardization efforts in real-time breath sampling. Tables   Variable  Abbreviation  Nominal 
